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Summary
•

•

•

•

Lianas exhibit peak abundance in tropical forests with strong seasonal droughts, the eco‐
physiological mechanisms associated with lianas coping with water deficits are poorly
understood.
We examined soil water partitioning, sap flow, and canopy eco‐physiological properties for 99
individuals of 15 liana and 34 co‐occurring tree species in three tropical forests that differed in
soil water availability.
In the dry season, lianas used a higher proportion of deep soil water in the karst forest (KF ; an
area with severe seasonal soil water deficit (SSWD )) and in the tropical seasonal forest (TSF ,
moderate SSWD ), permitting them to maintain a comparable leaf water status than trees in the
TSF or a better status than trees in the KF . Lianas exhibited strong stomatal control to
maximize carbon fixation while minimizing dry season water loss. During the dry period, lianas
significantly decreased water consumption in the TSF and the KF . Additionally, lianas had a
much higher maximum photosynthetic rates and sap flux density in the wet season and a lower
proportional decline in photosynthesis in the dry season compared with those of trees.
Our results indicated that access to deep soil water and strong physiological adjustments in the
dry season together with active wet‐season photosynthesis may explain the high abundance of
lianas in seasonally dry forests.

Introduction
Lianas (woody climbers) are an abundant and diverse polyphyletic group of plants that contribute
substantially to the floristic, structural, and functional diversity of tropical forests (Gentry, 1991;
Gerwing & Farias, 2000; Chave et al ., 2001; Schnitzer & Bongers, 2002). Lianas compete intensely with
trees and thereby contribute to a variety of tropical forest dynamics. Therefore, factors that are
responsible for liana distribution in tropical forests are critical to our understanding of how tropical
forest ecosystems function. Recent studies have reported that lianas peak in abundance in seasonal
tropical forests that undergo extensive dry periods (Schnitzer, 2005; DeWalt et al ., 2010), and thus
lianas appear to thrive in these highly seasonal tropical forests (reviewed by Schnitzer & Bongers, 2011;
Schnitzer, 2014). Schnitzer (2005) suggested that lianas benefit from seasonal drought through a dry
season growth advantage because they possess well developed roots that allow them to access deep
soil water and maintain more growth than co‐occurring tree species during the dry season. This
hypothesis has been supported by studies in Southwest China (Cai et al ., 2009; Zhu & Cao, 2009),
where photosynthesis of lianas decreased by only 12.8% during the dry season, whereas that of trees
decreased by 30.1%. Nevertheless, there is still a lack of studies on water uptake and transport and
leaf‐level or whole‐plant eco‐physiology to support this hypothesis; therefore, it remains unclear how
lianas respond physiologically to seasonal drought in tropical forests and whether lianas have a dry
season advantage over co‐occurring trees in terms of water use and whole‐plant physiology.

Lianas do not invest a substantial proportion of biomass to build a rigid stem (cf trees); instead, they
use the architecture of trees to ascend to the forest canopy and thus are able to invest much more
biomass in stem elongation and leaf and root growth. Indeed, lianas are reputed to have up to five
times more leaf area per stem diameter than trees (Gerwing & Farias, 2000). Because most lianas have
narrow stems and a large leaf area, they have evolved wide and long vessels to supply water and
nutrients to their leaves. In particular, some lianas have vessels with lengths of several meters and
diameters > 100 μm, which afford them high specific hydraulic conductivity and a low Huber value
(sapwood: leaf area), enabling them to compensate for their relatively small sapwood area
(Ewers et al ., 1990; Ewers & Fisher, 1991; Gartner, 1991; Chiu & Ewers, 1992; Zhu & Cao, 2009;
Jacobsen et al ., 2012). Fichtner & Schulze (1990) reported high sap flow and transpiration in lianas in a
tropical deciduous forest, and Restom & Nepstad (2001) showed that three common liana species have
higher transpiration rates than trees in an Amazonian secondary forest. However, maximum sap flux
density between eight lianas and co‐occurring trees of similar size did not differ in a Panamanian
seasonally dry tropical forest (Andrade et al ., 2005). Thus, a direct comparision of water transport and
utilization in multiple liana and tree species using consistent methodology is essential for determining
differences in water‐use characteristics between lianas and trees. Furthermore, studies in forests that
vary in soil water availability are also necessary to understand how water‐use strategies differ between
lianas and trees and to explain how contrasting plant groups adjust their water use to deal with water
deficits during the dry season.
Governing of stomata opening and closure is crucial for terrestial plants (particularly C 3 plants) to
balance carbon acquisition and water loss by transpiration (Brodribb & Holbrook, 2003; Brodribb &
McAdam, 2011). Under conditions of sufficient water availability, high stomatal conductance (high
transpiration) promotes high carbon gain (Tyree, 2003). However, decreased transpiration caused by
downregulation of stomatal conductance during high water deficits may be an adaptive behavior to
protect the conducting system against hydraulic failure (Tyree & Sperry, 1988) while restricting the
entry of CO2 (McDowell et al ., 2008; McDowell, 2011). Lianas experience a particular challenge
because most of their leaves are exposed at the top of the canopy (or in treefall gaps) (Ledo &
Schnitzer, 2014), where sunlight and vapor pressure deficit (VPD) are high, even in the wet season.
Rapid regulation of stomatal conductance accompanied by whole‐plant conductance allowing lianas to
maintain the balance between carbon gain and water loss, may potentially account for their
prolification in the canopy (Cai et al ., 2009; Schnitzer & Bongers, 2011). However, few studies have
compared the stomatal control of lianas and co‐occuring trees (Cai et al ., 2009).
Access to deep soil water via deep roots is another important adaptation facilitating the survival of
plants growing in water‐stressed environments and conferring such plants with a competitive
advantage against shallow‐rooted neighbors (Wright et al ., 1992; Canadell et al ., 1996; Cao, 2000;
Oliveira et al ., 2005). Oliveira et al . (2005) revealed that 83% of water use of trees during the dry
season can be attributed to the uptake of deep soil water in a savanna community in central Brazil.
Deep roots may occur in vegetation that experiences strong seasonal drought periods, for example
tropical savannas or seasonally dry forests (Canadell et al ., 1996; Schenk & Jackson, 2005). Lianas are
generally thought to have deep root systems that would enable them to access deep water sources
and thus explain their peak abundance in seasonally dry tropical forests (Schnitzer, 2005; Schnitzer &
Bongers, 2011). However, due to the difficulties of root excavation, few studies have investigated liana

rooting depth; indeed, only one study has reported the rooting depth of a single liana species (Davilla
kunthii ) in eastern Amazonia, in which the roots of small individuals (< 2 m tall) reached a depth of
over 10 m (Restom & Nepstad, 2004). The recent development of isotopic ratio techniques has made it
possible to determine the relative contribution of different water sources (e.g. fog, rainfall, or
underground water of different depths) to xylem sap (Jackson et al ., 1995; Meinzer et al ., 1999;
Phillips & Gregg, 2003; Liu et al ., 2007, 2010; Querejeta et al ., 2007; Stahl et al ., 2013). Using this
technique, Andrade et al . (2005) showed that all eight lianas examined used shallow water at the
beginning of the dry season and shifted to deeper water sources at the end of dry season. However, no
studies have tested the water‐use depth in lianas and trees across forests that differ in water
availability. Therefore, it is still not known whether the use of deep soil water by lianas is a general
phenomenon.
In this study, we selected three forest sites that varied substantially in soil water availability in the
same area. We measured the depth of water acquisition from the soil, as well as the sap flow and leaf
eco‐physiological traits for 99 individuals of 15 lianas and 34 co‐occurring tree species from three
forests during the dry and wet seasons. The specific goals of the study were to qualify the spatial
partitioning of soil water use for lianas and co‐occurring trees in the dry and wet seasons among sites,
determine the seasonal changes in leaf physiological performance for lianas and trees, and
characterize the regulation of whole‐plant water use. We hypothesized that lianas would use more
water from the deep soil layer and thus maintain better water status and eco‐physiological
performance than trees during the dry season. Moreover, we expected that lianas had strong stomatal
control to avoid excessive water loss during conditions of water deficits.

Materials and Methods
Field sites
This study was conducted in Xishuangbanna in southern Yunnan Province, Southwest China, a global biodiversity
hotspot (Myers et al ., 2000). Liana abundance is high in Xishuangbanna (Zhu et al ., 2006), but similar to other
liana‐rich areas (e.g. Schnitzer, 2005; DeWalt et al ., 2010). The region has a typical tropical monsoon climate
and a pronounced dry season from November to April. The mean annual precipitation is c . 1560 mm, nearly
80% of which occurs during the wet season (May to October). The mean annual temperature is 21.7°C with a
monthly mean temperatures of 15.9°C in the coldest month (December) and 25.7°C in the hottest month (June)
(Cao et al ., 2006).
We selected three primary tropical forests that differed in their dry season soil water status and established a
20 m × 30 m study plot in each forest. The karst forest (KF; 21°54′N, 101°46′E, 580 m above sea level (asl)) is c .
3 km from the Xishuangbanna Tropical Botanical Garden (XTBG) and has a brown calcareous soil with a coarse
texture and a pH of c . 7.3. Because the water leakage of the substrate, the soil in the KF becomes extremely dry
during the dry season (Fu et al ., 2012). The tropical seasonal forest (TSF) is in a nature reserve (21°55′N,
101°15′E, 750 m asl) located c . 8 km away from XTBG and is dominated by the trees Pometia
tomentosa and Terminalia myriocarpa (Zhang & Cao, 1995). This site has lateritic soil developed from siliceous
rocks. The flood plain forest (FPF) is located in XTBG and has deep, rich soil and a shallow water table. We used
this site to represent ever‐wet soils as a control for testing the water‐use advantage of lianas in the dry season.
We used meteorological data (photosynthetic photon flux density (PPFD), air temperature, relative humidity,
and air pressure) from a weather station located 1 km between KF and FPF and from another weather station on

a 70 m tall tower located 100 m away from the TSF plot. Both weather stations are managed by Xishuangbanna
Tropical Rainforest Ecosystem Station of the Chinese Academy of Sciences, and climatic variables were recorded
at 30 min intervals.

Sap flow measurement
We measured sap flow in all lianas with a diameter at breast height (DBH) ≥ 5 cm at the height of 1.3 m and in all
trees with DBH ≥ 15 cm located in each of the three plots. We studied a total of 99 individuals of 49 species (15
liana species and 34 tree species; KF, 17 liana individuals and 16 trees; TSF, 18 liana individuals and 19 trees; and
PFP, 13 liana individuals and 16 trees; see Supporting Information Table S1). Sap flow was measured using self‐
made 20 mm long thermal dissipation sensors (with two probes for one sensor) following Granier (1987). To
minimize the injury to trees and lianas, we installed only one pair of probes for each individual. We placed the
sensors 1.3 m from the base of each of tree and liana and covered the sensors and stem with aluminum foil to
prevent sunlight heating on the stem. The difference in temperature (▵T ) between the two probes was
scanned every 30 s, and average values were recorded every 10 min using a data logger (CR1000; Campbell
Scientific, Logan, UT, USA) connected via a 32‐channel multiplexer (AM16/32).
Sapwood depth at breast height was estimated using a dye method (Goldstein et al ., 1998;
Meinzer et al ., 2001). Between 08:00–11:00 h in July 2012, we collected one 5‐mm diameter core with an
increment borer (drilled at 90° angles) to the center of the trunk at a height of 1.3 m. We then injected a methyl
blue solution into the hole, which was refilled when necessary, and collected a second core 10 cm above the
injection point the following day to determine the sapwood width. The active sapwood area of the stem was
then calculated as the area of the stem ring with the sapwood width. Nearly all the cross‐sections of lianas are
conductive (Angyalossy et al ., 2012); therefore, for liana species, we defined the sapwood area as the cross‐
sectional area of the stem excluding the pith and bark. For tree species, we calculated the percentage of cross‐
sectional sapwood area by collecting 4–6 stem cores from individuals of each of our study species of similar
diameter that were growing outside the plot.
The temperature difference (∆𝑇 ) between the heated and reference probes was converted to sap flux density
(g m−2 s−1) according to the formula described by Granier (1987):

𝐽𝑠 = 119 × ([∆𝑇max − ∆𝑇]/∆𝑇)1.231 (Eqn 1)
where ∆𝑇max is the temperature difference between the two probes when sap flux is assumed to be zero. Daily
water use (kg d−1) was calculated by multiplying the sap flux density by the sapwood area and time course.

Xylem tissue samples and soil hydrogen isotope composition
We collected soil samples and xylem tissue samples for two seasons in each of the plots on 19 April 2012 and 20
September 2012, which represented the dry and wet season, respectively. To avoid influencing the sap flow
measurement, we selected nearby conspecific individuals outside the plot with a similar size to extract xylem
tissue samples, except in the flood plain forest plot (FPF), where it was impossible to find enough individuals.
We sampled the xylem tissue from two individuals for each species using an increment borer to collect two small
cylinders of wood at DBH. The outer bark and other nonxylem tissues were removed, and the outer living xylem
tissues were immediately placed in glass containers, sealed with parafilm, and stored at 4°C.
Soil samples were collected using an auger at depths of 30, 60, 100, 150, 200, and 250 cm in the KF and TSF. The
TSF and especially the KF sites had shallow soils. By contrast, the soil in the FPF site was deep; no stones were
found, even at depths of up to 5 m. We simultaneously collected soil samples for water potential
measurements. Soil water potential was measured using a dewpoint potentiometer (WP4‐T; Decagon, Pullman,
WA, USA).

All of the xylem and soil samples were analyzed using an elemental analyzer (Flash EA 1112, Thermo Electron
Corporation, Beverly, MA, USA) interfaced to an isotope ratio mass spectrometer (Thermo Finnigan MAT DELTA
plus XP; Thermo Electron Corporation).

∆𝐷

0⁄
00

= ([𝐷/𝐻sample − 𝐷/𝐻standard ]) −× 1000

0⁄
00 (Eqn 2)

The contribution of water from different soil depths was calculated for each tree and liana using the Iso‐Source
mixing model (http://www.epa.gov/wed/pages/models.htm) (Phillips & Gregg, 2003). This model gives
the distribution of the proportions of feasible sources when a high number of potential sources is present and is
based solely on isotopic mass balance constraints. We considered three depths of water sources (0–60, 61–150
and 151–250 cm) and used deuterium (D) data for the model calculations.

Leaf gas exchange and water potential
We examined leaf gas exchange and water potential in 56 species (six branches from three individuals for each
species). We selected the dominant or common tree and liana species in each site (TSF, 10 liana and 18 tree
species; KF, 12 liana and 13 tree species; and FPF, four liana and six tree species; Table S2). Measurements were
conducted during October 2011 (wet season) and March 2012 (dry season). We also assessed leaf water
potential using a pressure chamber (PMS, Albany, OR, USA). Predawn samples (Ψpredawn) were collected from
06:00 to 07:00 h and midday samples (Ψmidday) were collected from 13:00 to 15:00 h. All measurements were
completed in the field.
The maximum leaf area‐based photosynthetic rate (P max) and maximum stomatal conductance (g s) were
measured between 09:00–12:00 h in the wet season in 2011 and in the dry season 2012. Gas exchange was
measured on six sunlit leaves from two or three individuals per species using a LI‐6400 portable photosynthesis
system (Li‐Cor, Lincoln, NE, USA). The air CO2 concentration in the leaf chamber was maintained at
400 μmol mol−1, and the PPFD was 1500 μmol m−2 s−1.

Statistical analysis
The daily mean sap flux density (J s) in each season was calculated by the mean of values from 5 to 10 clear days
for each individual. We calculated the ratio of changes in sap flux density (ΔJ s), water use (ΔWU), and gas
exchange (ΔP max and Δg s) in the dry season relative to the wet season. We used a two‐way analysis of variance
(ANOVA) to compare the differences between growth form (liana and tree), season (wet and dry), and their
interactions for variables P max, g s, Ψpredawn, Ψmidday and mean J s. Data were tested for normality and
homogeneity of variance and log10‐transformed when necessary. We used a two‐parameter exponential
function to fit the relationship between diurnal sap flux density (J s) to VPDs for all lianas and trees. All statistical
analyses were conducted using SPSS version 13.0 (SPSS, Chicago, IL, USA).

Results
Soil water availability and partitioning of soil water use
During the wet season, the soil water potential was high, ranging from −0.58 to −0.24 MPa and was similar
among the three sites (Fig. 1a). During the dry season, the soil water potential remained high (> −1.0 MPa) in the
flood plain forest (FPF), but decreased to < −1.5 MPa in the deeper soils (> 200 cm) of the tropical seasonal
forest (TSF) and was consistently below −3.0 MPa at all soil depths in the karst forest (KF, Fig. 1b).

Figure 1. Soil water potential of the karst forest (KF , open circles), tropical seasonal forest (TSF , closed circles),
and the flood plain forest (FPF , triangles) during the dry and wet seasons in X ishuangbanna, S outhwest C hina.
The main source of water taken up by both lianas and trees in the FPF was from the depth of 151–250 cm,
regardless of season. In the wet season, however, the main source of water was from the upper 60 cm soil
layers for both trees and lianas in the KF and TSF (Figs 2, S1). In these two sites, the pattern of seasonal water
use differed between the two growth forms. In the driest site (KF), lianas used a higher proportion of deep soil
water (151–250 cm) than trees (lianas, 40.6%; trees, 28.4%). In the dry season, nearly 50% of the water use by
trees in KF was still taken up from the shallow soil layer (0–60 cm; Fig. 2). In the TSF, lianas also shifted their
water use to the deep layer (151–250 cm) during the dry season when the water potential of shallow soils
decreased. In this site in the dry season, c . 38% of water in lianas were from the deep soil layers (151–250 cm)
while trees used less deep soil water (27.6%) and more water (54%) from medium‐depth soils (61–150 cm)
(Fig. 2).

Figure 2. Partitioning of soil water use for liana and tree species in the karst forest (KF ), tropical seasonal forest
(TSF ), and flood plain forest (FPF ) during the dry and wet seasons. Values are averages of lianas and trees in
each of the three sites and seasons.

Water status of lianas and trees in the wet and dry seasons
Predawn (Ψpredawn) and midday (Ψmidday) leaf water potentials were significantly more negative in the dry season
than in the wet season for both liana and tree species in the KF and TSF (Fig. 3a,b; Tables 1, S2). In the KF, where
the soil water deficit in the dry season was most severe among all of the study sites, lianas had a much higher
Ψpredawn than trees during the dry season (−1.4 ± 0.2 MPa for 10 common liana species and −2.4 ± 0.5 MPa for 11
common trees; Fig. 3a; Table S2), indicating that lianas were able to access more soil water. By contrast, in
forest with moderate dry season soil water conditions (TSF and FPF), lianas and trees had comparable
Ψpredawn and Ψmidday. During the wet season, however, lianas and trees in the KF did not differ in Ψpredawn and
Ψmidday. Additionally, lianas and trees also did not differ in their Ψpredawn and Ψmidday during either the dry or wet
season in both TSF and FPF sites (Fig. 3b,c; Table 1).

Table 1. Two‐way ANOVA showing the effects of growth form (liana vs tree), season (wet vs dry), and the growth
form × season interaction on photosynthesis, water status, and daily mean sap flux density in the karst forest (KF
), tropical seasonal forest (TSF ), and flood plain forest (FPF ) in X ishuangbanna, southern C hina
Site Variable
P max g s
Ψpredawn Ψmidday Mean J s
KF
Growth form
0.000 0.000 0.005
0.164 0.009
Season
0.000 0.000 0.000
0.001 0.001
Growth form × season 0.689 0.026 0.011
0.347 0.002
TSF Growth form
0.000 0.398 0.338
0.269 0.000
Season
0.000 0.000 0.000
0.000 0.147
Growth form × season 0.183 0.203 0.721
0.38
0.007
FPF Growth form
0.958 0.712 0.617
0.52
0.000
Season
0.107 0.127 0.018
0.065 0.117
Growth form × season 0.586 0.479 0.316
0.543 0.362
P max, maximum photosynthetic rate; g s, leaf stomatal conductance; Ψpredawn, predawn leaf water potential;
Ψmidday, midday leaf water potential; Mean J s, daily mean sap flux density. Bold values indicate significant
differences, P < 0.05.

Figure 3. Seasonal change in predawn (Ψpredawn) and midday (Ψmidday) leaf water potentials for liana and tree
species in the karst forest (KF , a), tropical seasonal forest (TSF , b), and the flood plain forest (FPF , c). Values are
means ± standard error (SE).

Comparison of sap flow between the wet and dry seasons
Liana and co‐occurring tree species in the three sites differed in their daily course of sap flow on clear days with
comparable climatic conditions. In the dry season, trees had a slight decrease (1.7% in the KF and 12.7% in the
FPF) or increase (28.5% in the TSF) in daily mean sap flux density (J s, Figs 4, 5a, S2a). By contrast, most liana
species in the three sites experienced great decline in J s in the dry season, with mean reduction up to 55.8% in
the KF, 33.8% in TSF, and 22.8% in the FPF (Figs 4, 5a, S2a).

Figure 4. Diurnal courses of sap flux density for liana and tree species in the karst forest (KF ), tropical seasonal
forest (TSF ), and flood plain forest (FPF ) in the dry (a–f) and wet (a′–f′) seasons. Values are averages of 5–10
representative clear days for each individual.

Figure 5. Mean sap flux density (J s, a), water use per day (WU , b), maximum photosynthetic rate (P max, c) and
stomatal conductance (g s, d) for liana and tree species in the karst forest (KF ), tropical seasonal forest (TSF )
and flood plain forest (FPF ) during the dry and wet seasons. Values are means ± standard error (SE). Different
letters represent significant differences at P < 0.05.
Consequently, compared with the wet season, the daily water consumption decreased consistently in the three
sites for lianas in the dry season (decreased by 40.1% in the KF, 32.8% in the TSF, and 23.5% in the FPF; Figs 5b,
S2b; Table S1). By contrast, trees consumed comparable water in the dry season and in the wet season in the KF
and TSF sites (Figs 5b, S2b).

Seasonal changes in physiological parameters
In general, liana and tree species had higher P max and g s values in the wet season for all of the sites (Fig. 5c,d;
Tables 1, S2). In addition, lianas had a smaller proportional decline in P max and g s than trees from the wet to the
dry season (Fig. S2c,d). Lianas also had significantly higher mean P max and g s values than tree species in the KF
and TSF sites in both seasons, while this difference was not significant for the FPF site (Fig. 5c,d; Tables 1, S2).

The regulation of whole‐plant water use in response to VPDs
The relationship between J s and VPDs was similar among the three sites both in the wet (Fig. 6a–c) and dry
seasons (Fig. 6a′–c′). Both lianas and trees showed faster increase in J s with VPDs in the wet season than in the
dry season. The J s of lianas increased more rapidly than that of tree species at a lower VPD (< 1 kPa) and

maintained a constant high level at a higher VPD. By contrast, the J s of tree species continuously increased with
increasing VPDs but remained at much lower rates than that in lianas.

Figure 6. The relationship between sap flux density (J s) and vapor pressure deficit (VPD ) for lianas (closed
circles) and trees (open circles) in the karst forest (KF , a, a′), tropical seasonal forest (TSF , b, b′), and flood plain
forest (FPF , c, c′). P < 0.0001 for all the regression lines.

Discussion
Lianas used a higher ratio of deep layer soil water and maintained better water status
and photosynthesis activity than trees in forests with seasonal soil water deficit
Higher predawn leaf water potential in the dry season (particularly in the karst forest, Fig. 1b) supported the
hypothesis that lianas were able to access deep sources of soil moisture, presumably because they have a
particularly deep root system (Schnitzer, 2005). Cao (2000) also observed that deep‐
rooting Dipterocarpus saplings in a Bornean tropical heath forest well maintained leaf water status, high
photosynthesis, and stomatal conductance during severe drought. In the present study, both lianas and trees in
the dry season switched to uptake water from deep soil layers in forests with SSWDs. However, lianas were able
to utilize a higher proportion of deep soil water than co‐occurring trees (Fig. 2). More access to deep soil water
may explain why lianas presented lesser declines in P max and g s.
Better water status and higher photosynthesis activity may potentially favor the persistence of lianas during the
dry season. Using data from 69 tropical forests worldwide, as well as sites across the Isthmus of Panama,
Schnitzer (2005) first proposed the dry season growth advantage hypothesis based on the observation that
lianas grew nearly seven times as much as trees during the dry season but only twice as much during the wet
season. Cai et al . (2009) further supported the dry season growth advantage hypothesis by reporting that lianas

had a significantly smaller seasonal variation in leaf‐level photosynthesis than trees in a tropical seasonal forest.
Our findings, which are based on a large sample size from three forests, confirmed that lianas experienced a
lower decline in P max and g s in the dry season (Figs 5, S2). The higher dry season photosynthetic capacity may
potentially allow lianas to fix more carbon during the dry season. According to Schnitzer (2005), the additional
3–4 months of relatively better growth could give lianas an advantage in tropical forests with seasonal drought
and may explain why liana abundance tends to peak in forests with relatively low average rainfall and high
seasonality (DeWalt et al ., 2010).

Strong stomatal control may prevent lianas from excessive dehydration
Our sap flow measurements showed that lianas had a stronger stomatal control than trees, which could reduce
water loss and maintain better leaf water status under extreme water deficit (in karst forest). The nonlinear
increase in J s with increasing VPDs was attributed to the closure of stomata (Meinzer, 1993; Monteith, 1995;
Oren et al ., 1999; Pataki et al ., 2000), which appears to be an adaptation to avoid excessive dehydration.
Lianas could access light and start carbon fixation earlier in the morning, when the VPD was low, and then
rapidly close their stomata later in the day, when the VPD was high. Lianas were able to reach maximum sap flux
density earlier and had a shorter reaction time during the day than trees (Fig. 6), which allowed the lianas to
photosynthesize earlier and avoid the high midday VPDs that are common above the canopies of tropical
forests. The effect on daytime whole‐plant water loss governed by leaf stomatal conductance was also
confirmed by the observed plateau of daytime sap flow (Fig. 4), which revealed that lianas maintained steady
water loss despite increases in VPD. This phenomenon has also been reported in previous studies (Fichtner &
Schulze, 1990; Andrade et al ., 2005). The strong stomatal control of lianas is crucial for the maintenance of
hydraulic function during the dry season, when soil water is relatively scarce, as it allows lianas to respond
quickly to changes in ambient VPD to prevent excessive dehydration. Consequently, lianas presented a greater
decline in both J s value and daily water use to enhance their water conservation in the dry season and to reduce
the risk of vessel embolism, as lianas have been reported to be more vulnerable to embolism than trees (Zhu &
Cao, 2009; Sande et al ., 2013).
Our finding also suggested that whole‐plant carbon fixation for lianas may be greatly depressed in the dry
season, but maximized in the wet season, as indicated by sap flow data, representing a trade‐off between active
carbon assimilation and the maintenance of hydraulic safety by reducing water loss. Additionally, lianas had
much higher J s than trees in the wet season, particularly in the karst forest and tropical seasonal forest (203%
and 217%, respectively, those of co‐occurring trees), suggesting potentially higher carbon fixation compared
with trees. Therefore, the lianas in these two forests appeared to benefit from high photosynthesis and high
stomatal conductance during the wet season.
Our findings may provide an explanation for why lianas are increasing in abundance in neotropical forests. To
date, 12 studies have found a pattern of increasing liana abundance or productivity relative to trees in
neotropical forests (Wright et al ., 2004; Chave et al ., 2008; Ingwell et al ., 2010; Schnitzer & Bongers, 2011;
Schnitzer et al ., 2012; Yorke et al ., 2013; Schnitzer, 2014). One of the mechanisms to explain increasing liana
abundance is increasing drought and thus evapotranspirative demand in tropical areas (Schnitzer &
Bongers, 2011; Schnitzer, 2014). Our data suggested that lianas are adapted to seasonal water deficit and thus
the increase in drought conditions may explain increasing liana abundance in tropical forests.

Conclusion
We demonstrated that lianas utilized a higher percentage of deep soil water (151–250 cm) than trees during the
dry season, which enabled the lianas to maintain a better water status during water deficits and subsequently
show proportionally less decline in maximum photosynthesis during the dry season compared with trees.

Moreover, in forests with deep soils and abundant soil moisture, liana and tree species exhibited
comparable P max, g s, and J s values, with nonsignificant seasonal changes. However, in soils with seasonal water
deficits, lianas were able to outperform trees in terms of physiological changes during the dry season. Strong
stomatal control appeared to allow lianas to quickly respond to changing VPDs, permitting lianas to maximize
their carbon fixation with less water loss than trees. Additionally, rapid downregulation of stomatal conductance
may allow lianas to reduce their water consumption and avoid excessive water loss when the soil water level is
low. Our findings supported the dry season growth advantage hypothesis proposed by Schnitzer (2005) which
asserts that access to deep soil water and strong physiological adjustments may explain the higher abundance of
lianas in seasonally dry forests. However, we also provide evidence that lianas in forests with seasonal water
deficits appear to gain advantages over trees due to high rates of photosynthesis and high stomatal conductance
during the wet season.

Acknowledgements
We wish to thank Ma Hong and Wan Hui for assistance with the field work and Wen Bin and Tan Yunhong for
species identification. The climate data were provided by the Xishuangbanna Station for Tropical Rain Forest
Ecosystem Studies. We are grateful to M. K. Bartlett for constructive comments on an earlier manuscript and
three anonymous reviewers for their helpful suggestion. This work was funded by the National Natural Science
Foundation of China (No: 31100291, 31000237, 31270453) and the CAS 135 program (XTBG‐T01, XTBG‐F01).

References
Andrade JL, Meinzer FC, Goldstein G, Schnitzer SA. 2005. Water uptake and transport in lianas and co‐occurring
trees of a seasonally dry tropical forest. Trees – Structure and Function 19: 282– 289.
Angyalossy V, Angeles G, Pace MR, Lima AC, Dias‐Leme CL, Lohmann LG, Madero‐Vega C. 2012. An overview of
the anatomy, development and evolution of the vascular system of lianas. Plant Ecology &
Diversity 5: 167– 182.
Brodribb TJ, Holbrook NM. 2003. Stomatal closure during leaf dehydration, correlation with other leaf
physiological traits. Plant Physiology 132: 2166– 2173.
Brodribb TJ, McAdam SAM. 2011. Passive origins of stomatal control in vascular plants. Science 331: 582– 585.
Cai ZQ, Schnitzer SA, Bongers F. 2009. Seasonal differences in leaf‐level physiology give lianas a competitive
advantage over trees in a tropical seasonal forest. Oecologia 161: 25– 33.
Canadell J, Jackson RB, Ehleringer JR, Mooney HA, Sala OE, Schulze ED. 1996. Maximum rooting depth of
vegetation types at the global scale. Oecologia 108: 583– 595.
Cao KF. 2000. Water relations and gas exchange of tropical saplings during a prolonged drought in a Bornean
heath forest, with reference to root architecture. Journal of Tropical Ecology 16: 101– 116.
Cao M, Zou XM, Warren M, Zhu H. 2006. Tropical forests of Xishuangbanna, China. Biotropica 38: 306– 309.
Chave J, Olivier J, Bongers F, Chatelet P, Forget PM, van der Meer P, Norden N, Riera B, Charles‐Dominique
P. 2008. Above‐ground biomass and productivity in a rain forest of eastern South America. Journal of
Tropical Ecology 24: 355– 366.
Chave J, Riera B, Dubois MA. 2001. Estimation of biomass in a neotropical forest of French Guiana: spatial and
temporal variability. Journal of Tropical Ecology 17: 79– 96.
Chiu S‐T, Ewers FW. 1992. Xylem structure and water transport in a twiner, a scrambler, and a shrub
of Lonicera (Caprifoliaceae). Trees – Structure and Function 6: 216– 224.
DeWalt SJ, Schnitzer SA, Chave J, Bongers F, Burnham RJ, Cai ZQ, Chuyong G, Clark DB, Ewango CEN, Gerwing
JJ et al . 2010. Annual rainfall and seasonality predict pan‐tropical patterns of liana density and basal
area. Biotropica 42: 309– 317.

Ewers FW, Fisher JB. 1991. Why vines have narrow stems: histological trends
in Bauhinia (Fabaceae). Oecologia 2: 233– 237.
Ewers FW, Fisher JB, Chiu S‐T. 1990. A survey of vessel dimensions in stems of tropical lianas and other growth
forms. Oecologia 84: 544– 552.
Fichtner K, Schulze ED. 1990. Xylem water‐flow in tropical vines as measured by a steady‐state heating
method. Oecologia 82: 355– 361.
Fu PL, Jiang YJ, Wang AY, Brodribb TJ, Zhang JL, Zhu SD, Cao KF. 2012. Stem hydraulic traits and leaf water‐stress
tolerance are co‐ordinated with the leaf phenology of angiosperm trees in an Asian tropical dry karst
forest. Annals of Botany 110: 189– 199.
Gartner BL. 1991. Stem hydraulic properties of vines vs shrubs of western poison oak, Toxicodendron
diversilobum . Oecologia 87: 180– 189.
Gentry AH. 1991. The distribution and evolution of climbing plants. In: FEM Putz, HA Mooney, eds. The biology
of vines. Cambridge, UK: Cambridge University Press, 3– 50.
Gerwing JJ, Farias DL. 2000. Integrating liana abundance and forest stature into an estimate of total
aboveground biomass for an eastern Amazonian forest. Journal of Tropical Ecology 16: 327– 335.
Goldstein G, Andrade JL, Meinzer FC, Holbrook NM, Cavelier J, Jackson P, Celis A. 1998. Stem water storage and
diurnal patterns of water use in tropical forest canopy trees. Plant, Cell & Environment 21: 397– 406.
Granier A. 1987. Sap flow measurements in Douglas‐Fir tree trunks by means of a new thermal method. Annales
Des Sciences Forestières 44: 1– 14.
Ingwell LL, Wright SJ, Becklund KK, Hubbell SP, Schnitzer SA. 2010. The impact of lianas on 10 years of tree
growth and mortality on Barro Colorado Island, Panama. Journal of Ecology 98: 879– 887.
Jackson PC, Cavelier J, Goldstein G, Meinzer FC, Holbrook NM. 1995. Partitioning of water‐resources among
plants of a lowland tropical forest. Oecologia 101: 197– 203.
Jacobsen AL, Pratt RB, Tobin MF, Hacke UG, Ewers FW. 2012. A global analysis of xylem vessel length in woody
plants. American Journal of Botany 99: 1583– 1591.
Ledo A, Schnitzer SA. 2014. Disturbance, not negative density dependence or habitat specialization maintains
liana diversity in a tropical forest. Ecology 95: 2169– 2178.
Liu WJ, Liu WY, Li PJ, Duan WP, Li HM. 2010. Dry season water uptake by two dominant canopy tree species in a
tropical seasonal rainforest of Xishuangbanna, SW China. Agricultural and Forest
Meteorology 150: 380– 388.
Liu WJ, Liu WY, Li PJ, Gao L, Shen YX, Wang PY, Zhang YP, Li HM. 2007. Using stable isotopes to determine
sources of fog drip in a tropical seasonal rain forest of Xishuangbanna, SW China. Agricultural and Forest
Meteorology 143: 80– 91.
McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, Sperry J, West A, Williams
DG et al . 2008. Mechanisms of plant survival and mortality during drought: why do some plants survive
while others succumb to drought? New Phytologist 178: 719– 739.
McDowell NG. 2011. Mechanisms linking drought, hydraulics, carbon metabolism, and vegetation
mortality. Plant Physiology 155: 1051– 1059.
Meinzer FC. 1993. Stomatal control of transpiration. Trends in Ecology & Evolution 8: 289– 294.
Meinzer FC, Andrade JL, Goldstein G, Holbrook NM, Cavelier J, Wright SJ. 1999. Partitioning of soil water among
canopy trees in a seasonally dry tropical forest. Oecologia 121: 293– 301.
Meinzer FC, Goldstein G, Andrade JL. 2001. Regulation of water flux through tropical forest canopy trees: do
universal rules apply? Tree Physiology 21: 19– 26.
Monteith JL. 1995. A reinterpretation of stomatal responses to humidity. Plant, Cell &
Environment 18: 357– 364.
Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J. 2000. Biodiversity hotspots for conservation
priorities. Nature 403: 853– 858.
Oliveira RS, Bezerra L, Davidson EA, Pinto F, Klink CA, Nepstad DC, Moreira A. 2005. Deep root function in soil
water dynamics in cerrado savannas of central Brazil. Functional Ecology 19: 574– 581.

Oren R, Sperry JS, Katul GG, Pataki DE, Ewers BE, Phillips N, Schafer KVR. 1999. Survey and synthesis of intra‐ and
interspecific variation in stomatal sensitivity to vapour pressure deficit. Plant, Cell &
Environment 22: 1515– 1526.
Pataki DE, Oren R, Smith WK. 2000. Sap flux of co‐occurring species in a western subalpine forest during
seasonal soil drought. Ecology 81: 2557– 2566.
Phillips DL, Gregg JW. 2003. Source partitioning using stable isotopes: coping with too many
sources. Oecologia 136: 261– 269.
Querejeta JI, Estrada‐Medina H, Allen MF, Jimenez‐Osornio JJ. 2007. Water source partitioning among trees
growing on shallow karst soils in a seasonally dry tropical climate. Oecologia 152: 26– 36.
Restom TG, Nepstad DC. 2004. Seedling growth dynamics of a deeply rooting liana in a secondary forest in
eastern Amazonia. Forest Ecology and Management 190: 109– 118.
Restom TG, Nepstad DC. 2001. Contribution of vines to the evapotranspiration of a secondary forest in eastern
Amazonia. Plant and Soil 236: 155– 163.
van der Sande MT, Poorter L, Schnitzer SA, Markesteijn L. 2013. Are lianas more drought‐tolerant than trees? A
test for the role of hydraulic architecture and other stem and leaf traits. Oecologia 172: 961– 972.
Schenk HJ, Jackson RB. 2005. Mapping the global distribution of deep roots in relation to climate and soil
characteristics. Geoderma 126: 129– 140.
Schnitzer SA. 2005. A mechanistic explanation for global patterns of liana abundance and distribution. American
Naturalist 166: 262– 276.
Schnitzer SA. 2014. Increasing liana abundance and biomass in neotropical forests: causes and consequences.
In: SA Schnitzer, F Bongers, RJ Burnham, FE Putz, eds. The ecology of lianas. Oxford, UK: Wiley‐Blackwell
Publishing, in press.
Schnitzer SA, Bongers F. 2002. The ecology of lianas and their role in forests. Trends in Ecology &
Evolution 17: 223– 230.
Schnitzer SA, Bongers F. 2011. Increasing liana abundance and biomass in tropical forests: emerging patterns
and putative mechanisms. Ecology Letters 14: 397– 406.
Schnitzer SA, Mangan SA, Dalling JW, Baldeck C, Hubbell SP, Ledo A, Muller‐Landau H, Tobin M, Aguilar
S, Brassfield D et al . 2012. Liana abundance, diversity, and distribution on Barro Colorado Island,
Panama. PLoS One 7: e52114.
Stahl C, Hérault B, Rossi V, Burban B, Bréchet C, Bonal D. 2013. Depth of soil water uptake by tropical rainforest
trees during dry periods: does tree dimension matter? Oecologia 173: 1191– 1201.
Tyree MT. 2003. Hydraulic limits on tree performance: transpiration, carbon gain and growth of trees. Trees –
Structure and Function 17: 95– 100.
Tyree MT, Sperry JS. 1988. Do woody‐plants operate near the point of catastrophic xylem dysfunction caused by
dynamic water‐stress? Answers from a model. Plant Physiology 88: 574– 580.
Wright SJ, Calderon O, Hernandez A, Paton S. 2004. Are lianas increasing in importance in tropical forests? A 17‐
year record from Panama. Ecology 85: 484– 489.
Wright SJ, Machado JL, Mulkey SS, Smith AP. 1992. Drought acclimation among tropical forest shrubs
(Psychotria , Rubiaceae). Oecologia 89: 457– 463.
Yorke SR, Schnitzer SA, Mascaro J, Letcher S, Carson WP. 2013. Increasing liana abundance in a tropical forest:
the contribution of long distance clonal colonization. Biotropica 45: 317– 324.
Zhang JH, Cao M. 1995. Tropical forest vegetation of Xishuangbanna, SW China and its secondary changes, with
special reference to some problems in local nature conservation. Biological Conservation 73: 229– 238.
Zhu H, Cao M, Hu HB. 2006. Geological history, flora, and vegetation of Xishuangbanna, southern Yunnan,
China. Biotropica 38: 310– 317.
Zhu SD, Cao KF. 2009. Hydraulic properties and photosynthetic rates in co‐occurring lianas and trees in a
seasonal tropical rainforest in southwestern China. Plant Ecology 204: 295– 304.

